B
acterial infection continues to be a major cause of morbidity and death in neonatal foals. [1] [2] [3] Neonatal foals are often subjected to extensive diagnostic evaluation and empirical systemic antimicrobial treatment because the prognosis for sepsis largely depends on early identification and treatment. The definitive diagnosis of septicemia requires positive results of bacteriologic culture of blood, which requires a minimum of 48 to 72 hours, yields a positive result in only 12% to 80% of cases, and may not always be available. 3 A previous study 2 has examined the laboratory findings associated with sepsis. There is, however, a lack of consensus on the essential tests that would identify neonates with acute infection. Attempts to identify neonatal foals with septicemia have included development of a sepsis scoring system that combines historical information and objective and subjective data to derive a numerical representation of the foal' s condition. 4, 5 The sensitivity and specificity of this scoring system were reported to be 93% and 86%, respectively. However, estimation of the sensitivity and specificity may be seriously flawed because scoring systems strive to incorporate large amounts of clinically relevant data into a single representative numerical value. Although this may be beneficial in concentrating one' s attention on the most important components of the clinical situation, it also results in loss of information. Another limitation arises from the fact that the pathophysiologic mechanisms in neonatal foals with systemic inflammatory response syndrome are consistent, regardless of the primary etiology. 3 In recent years, various investigators have evaluated some highly sensitive and specific inflammatory markers used to diagnose neonatal sepsis. [6] [7] [8] Although these markers are highly sensitive and specific, they require sophisticated kits and their analysis is time-consuming. Gene expression of inflammatory mediators in the blood of human neonates has been investigated in recent years. Expression of mRNA in umbilical blood cells indicates that cytokine production is present in neonates and has been used as a surrogate marker for sepsis and bacterial virulence. 9, 10 To our knowledge, measurement of cytokine gene transcription has never been reported in neonatal foals with sepsis. We hypothesized that gene expression of selected biological markers may be altered in foals with sepsis. The purpose of the study reported here was to determine gene expression of selected molecular markers (TNF-α, IL-1β, IL-6, IL-8, IL-10, PCT, and TGF-β) in the blood of healthy and sick foals by use of realtime PCR assays.
Materials and Methods
Case selection-Forty-nine client-owned foals evaluated at the VMTH at the University of California, Davis, during the 2005 foaling season represented the case material for this study. All foals were < 5 days of age. Using historical, physical, and clinicopathologic data, a sepsis score was calculated for each foal. On the basis of sepsis score and results of bacteriologic culture of blood, each foal was assigned to 1 of 2 patient groups: a sick-nonseptic group (sepsis score < 11 and negative results of bacteriologic culture of blood; 28 foals) or a septic group (sepsis score ≥ 11 with or without positive Comparative threshold cycle results of bacteriologic culture of blood or sepsis score < 11 with positive results of bacteriologic culture of blood; 21 foals). The sick-nonseptic group was composed of foals with hypoxic encephalopathy, partial failure of passive transfer, meconium impaction, angular limb deformity, trauma, or bladder rupture. The 21 septic foals had a sepsis score ranging from 10 to 18 (mean ± SD, 13.7 ± 1.9). The following pathogens were cultured from 9 of the 21 (43%) foals: Escherichia coli (n = 3), Actinobacillus spp (2), Klebsiella pneumoniae (1), Enterococcus faecium (1), Stenotrophomonas spp (1), and Streptococcus viridans (1) . Treatment performed by referring veterinarians on the sick foals prior to referral to the VMTH consisted of administration of antimicrobials (16 sick-nonseptic foals; 7 septic foals), nonsteroidal anti-inflammatory drugs (7; 1), dextrose-containing crystalloid fluids (8; 5), or equine plasma (3; 2). An additional 21 foals < 5 days of age served as healthy controls. These foals were born at the Center for Equine Health, University of California, Davis, and were considered healthy on the basis of normal results of physical examination and clinicopathologic findings within reference ranges.
Blood samples-Blood was collected from each foal by use of special RNA tubes a at the time of initial evaluation. The tubes are used to collect 3 mL of blood and have been developed for stabilization and isolation of total RNA from blood. Real-time PCR systems for equine GAPDH, TNF-α, IL-1β, IL-6, IL-8, IL-10, PCT, and TGF-β were as described.
11, 12 The PCR reactions contained 400nM of each primer, 80nM of the probe and mastermix, f and 5 µL of the diluted cDNA sample in a final volume of 12 µL. The samples were amplified in a combined thermocycler-fluorometer Final quantitation was performed by use of the C T method. 13 First, the C T for the target amplicon and for the internal control (GAPDH) was determined for each sample.
Differences in the C T for the target and the internal control, called ∆C T , were calculated to normalize for differences in the amount of total nucleic acid added to each reaction and the efficiency of the reverse transcriptase step. The ∆C T for each sample from the sick-nonseptic and septic foals was subtracted from the ∆C T of the calibrator (healthy foals). This difference was called the ∆∆C T . Finally, the amount of target, normalized to an internal control and relative to the calibrator, was calculated by 2 -∆∆CT . Thus, results are expressed as an n-fold difference relative to the calibrator.
The Mann-Whitney U test was used to determine significant (P < 0.05) differences in cytokine gene expression among the various foal groups.
Results
All foals had certain levels of transcription for TNF-α, IL-1β, IL-6, IL-8, IL-10, PCT, and TGF-β ( Table 1) . Expression of TNF-α was significantly (P < 0.001) lower in the sick-nonseptic and septic groups, compared with the healthy group (Figure 1) , whereas no significant difference was found between the 2 patient groups. Expression οf IL-8 was significantly greater in the sick-nonseptic (P = 0.016) and septic (P = 0.018) group, compared with the healthy group (Figure 2) . No significant difference was found between the 2 patient groups for IL-8 expression. For IL-10, no significant difference in expression was detected between sick-nonseptic foals and septic foals (P = 0.09; Figure 3 ) or between healthy and patient groups. Similar to TNF-α, TGF-β expression was significantly (P < 0.001) lower in the sick-nonseptic and septic groups, compared with the healthy group (Figure 4) , whereas no significant difference was found between the 2 patient groups. No significant difference in gene expression of IL-1β, IL-6, and PCT was found between the healthy and patient groups. To evaluate the prognostic value of selected biological markers, cytokine profiles of foals discharged from the hospital (n = 26 [20 sick-nonseptic and 6 septic foals]) were compared with foals that died or were euthanized because of treatment failure (19 [5 sicknonseptic and 14 septic foals]). Four foals euthanized because of financial constraints were not included in this evaluation. Expression of IL-10 was significantly (P = 0.008) greater in the nonsurvival group, compared with the survival group ( Figure 5) . No significant difference in expression of TNF-α, IL-1β, IL-6, IL-8, PCT, and TGF-β was found between survivors and nonsurvivors (Table 2) .
Discussion
Neonatal sepsis and its sequelae are among the leading causes of death in foals. Although neonatal foals often develop a systemic inflammatory response syndrome with detrimental effects, the effects in older foals and adults tend to be more organ-restricted. There is growing evidence that this process is crucially mediated by the action of distinct inflammatory cytokines.
14 The inflammatory response to infection is a highly conserved and regulated reaction. Proinflammatory cytokines that activate cellular defenses are produced, followed by production of anti-inflammatory cytokines to attenuate and control the proinflammatory response. This anti-inflammatory response, referred as compensatory anti-inflammatory response syndrome, limits the effects of proinflammatory cytokines. If balance cannot be established and homeostasis is not restored, a proinflammatory state with severe organ dysfunction will ensue. 15 Evaluation of gene expression of biological markers has become a novel approach to investigate the complex mechanism of neonatal infection and has diagnostic and prognostic value in human neonatal sepsis. 9, 10 In the present study, all foals had levels of transcription for selected markers of proinflammation (TNF-α, IL-1β, and IL-6), chemotaxis (IL-8), bacterial infection (PCT), and anti-inflammation (TGF-β and IL-10). With the exception of IL-10, expression of the biological markers did not differ between sick-nonseptic and septic foals. The large SD of the values of some molecular markers (ie, IL-1β, IL-8, PCT, and TGF-β), mainly septic foals, may have been related to the degree of sepsis in those foals. The role of anti-inflammatory drugs and biological products administered to some foals prior to their referral to the VMTH may have had an influence on the transcription of inflammatory cytokines; however, because of the small number of foals that received such treatment, this issue could not be addressed. The significantly lower expression of proinflammatory cytokine TNF-α and growth factor TGF-β and the greater expression of chemokine IL-8 in both patient groups may have indicated dysregulation in inflammatory pathways in the sick foals. Tumor necrosis factor-α is produced predominantly by CD4
+ T cells and macrophages as well as by neutrophils and has multiple proinflammatory actions. Early in sepsis, proinflammatory reactions induced by TNF-α dominate. In contrast, expression of TNF-α decreases rapidly in the later stages of sepsis. 16 This may explain why foals in the 2 patient groups in the present study had low expression of TNF-α despite an underlying inflammatory disease process. The lower expression of TNF-α observed in the 2 patient groups may have been mediated by the anti-inflammatory cytokine IL-10.
Results of some studies [17] [18] [19] suggest that the inhibitory effect of IL-10 on macrophage proinflammatory cytokines, such as TNF-α, occurs at the level of gene expression because of decreased transcription and at the level of protein expression.
Interleukin-8 is primarily produced by macrophages and endothelial cells. Interleukin-8 is considered an inflammatory mediator and a chemotactic agent for neutrophils, and its expression occurs secondary to tissue injury or inflammation. 20 In a recent study, 9 high gene expression of IL-8 in umbilical cord blood of human neonates was found to be a sensitive marker for neonatal infection. Interleukin-8 was the only cytokine with greater expression in sick-nonseptic and septic foals, compared with healthy foals. However, no significant difference was detected between the 2 patient groups. It is possible that larger groups are necessary to differentiate sick-nonseptic foals from septic foals via IL-8 gene expression in blood.
Procalcitonin was first described as a sepsisinduced protein in the early 1990s. 21 Results of numerous clinical studies [22] [23] [24] indicate that PCT is primarily induced during severe systemic inflammation caused by bacterial infections but not during other types of inflammation. There are conflicting data concerning WBCs as a source of PCT in sepsis. 25, 26 The present study revealed no significant difference in gene expression of PCT among the 3 foal groups, which is in agreement with a recent study 27 that revealed low expression of PCT in the WBCs of septic animals and humans.
Transforming growth factor-β is regarded as a cytokine that may downregulate production of acutephase reactants and the inflammatory cytokine cascade in sepsis. 28, 29 Two studies 30, 31 of TGF-β mRNA concentrations in blood from septic human patients revealed that TGF-β expression was lower than that of healthy subjects. This is in agreement with the present study, which revealed that sick foals had decreased TGF-β expression, compared with healthy foals. The exact mechanisms by which TGF-β is downregulated in septic patients and its pathophysiologic role in sepsis are not clear. They may be related to the ability of TGF-β to modulate macrophage activity by rendering monocytes hyporesponsive.
Interleukin-10 is a pleiotropic cytokine produced by activated subpopulations of T cells, B cells, monocytes-macrophages, and keratinocytes. 32 It appears to be a potent regulator of immune function that inhibits the production of cytokines, including TNF-α, IL-1, IL-6, and interferon-γ in monocytes. 33 In addition, IL-10 can suppress macrophage, T-cell, and natural killer cell effector functions. 32 Several studies [34] [35] [36] reveal that IL-10 inhibits the immune responsiveness of antigen-presenting cells, such as monocytes, macrophages and dendritic cells. It also inhibits lymphocyte and phagocytic functions, which are essential for an adequate immune response to invading microbes. In particular, an experimental study 33 revealed that IL-10 inhibits the production of proinflammatory cytokines, such as TNF-α, IL-1, and IL-6, by activated macrophages, which is in agreement with results of the present study. Significantly greater IL-10 expression was detected in nonsurviving foals, compared with surviving foals. Clinical data suggest that the increased expression of IL-10 in injured human patients appears to be an indicator of poor prognosis and higher risk for infection, multiple organ failure, and death. 30, 34, 37 Further studies are needed to assess the immunologic status of septic equine neonates to develop better diagnostic and treatment modalities. 
